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Abst r act

A t echni que f or pr oduci ng 58 Co posi t r on sour ces f or use i n sl ow posi t r on beams has been devel oped . The met hod has

been successf ul l y t est ed at t he p, Ci and mCi l evel . Scal i ng up of t he t echni que i s under way t o consi st ent l y pr oduce 1- 2 Ci

sour ces f r om 60 g of i r r adi at ed ni ckel .

I n t he l ast 15 year s, physi cs and mat er i al s r esear ch wi t h

sl ow posi t r on beams have become qui t e act i ve [ 1] . The
need f or mor e i nt ense sour ces of posi t r ons has concomi -
t ant l y gr own wi t h exper i ment al r equi r ement s f or hi gher

posi t r on beam cur r ent s and beam br i ght ness. For t ypi cal

l abor at or y- scal e beams t he bet a- decayi ng i sot opes of 22
Na

( 0 . 1 Ci , T1/ 2=2 . 6 yr , f R- = 0. 90) and
58Co ( 0. 5 Ci ,

T1/ 2=71 d, f ß, =0. 15) ar e t he most common commer -
ci al l y avai l abl e sour ces . The hi gh cost , i nconsi st ent qual -
i t y, and t he need f or even mor e i nt ense sour ces has

pr ompt ed consi der at i on of al t er nat i ve i sot opes 64 Cu ( T1/ 2

= 12. 7 h) [ 2- 4] , 126 , ( T112 = 13 . 02 d) [ 5] , 48 V ( T j I 2 = 16

d) [ 6] , 68 Ga ( T, 12 = 67 . 6 mi n) [ 7] , 79 Kr ( T1 / 2 = 35 hr )

[ 8, 9] , and f ur t her st udy of 22 Na [ 10] , and
58

Co [ 11] . Wi t h

t he abi l i t y t o cheapl y pr oduce
58

Co sour ces of 10 Ci or
mor e at t he Uni ver si t y of Mi chi gan For d Nucl ear React or

( FNR) , 58 Co becomes t he most at t r act i ve i sot ope f or sour ce

f abr i cat i on . The pot ent i al f or pr oduci ng ver y i nt ense

sour ces ( over 10 3 Ci ) of
58

Co at ot her r eact or s [ 12, 13] ,

i ncl udi ng t he pr oposed Advanced Neut r on Sour ce [ 14] ,

l ends mot i vat i on as wel l .
Usi ng t he gener al pr ocedur e f or pr oduci ng 58 Co sour ces

descr i bed by Sher i ef and Gr ass [ 15] , an i nvest i gat i on i nt o

pr oduci ng sour ces at FNRhas been conduct ed . The goal of

t hi s i nvest i gat i on i s t o devel op a t echni que t o pr oduce t hi n

met al el ect r odeposi t s of 58 Co on copper t o use as a sour ce .

0168- 9002/ 94/ $07 . 00 C 1994 El sevi er Sci ence B. V . Al l r i ght s r eser ved
SSDI 0168- 9002( 94) 00763- 2

I t was deci ded t hat t he deposi t s shoul d be no t hi cker t han
one exponent i al at t enuat i on r ange of posi t r ons i n cobal t , 22

mg/ cm2 , [ 16] so as t o at t enuat e no mor e t han 20%of t he

posi t r ons emi t t ed f r om t he sour ce . The pr ocedur e t hat sui t s
our avai l abl e f aci l i t i es consi st s of f our st eps . Fi r st , ni ckel
i s i r r adi at ed i n FNR. The ni ckel i s t hen el ect r odi ssol ved i n
HCl aci d . Next , ani on exchange chr omat ogr aphy i s used t o
ext r act t he cobal t . The pur i f i ed cobal t i s f i nal l y el ect r ode-
posi t ed and encapsul at ed f or use as a sour ce . These f our
st eps ar e di scussed i n t he next sect i on .

2 . Exper i ment al t echni que

2. 1 . I r r adi at i on

NUCLEAR
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I r r adi at i on of a ni ckel t ar get wi t h f ast neut r ons pr o-
duces 58 Co vi a t he 58Ni ( n, p) 58Co r eact i on . Si nce nat ur al

ni ckel i s 68%58 Ni i t i s not necessar y t o use an i sot opi cal l y
pur e t ar get . However , i f t he r eact or f l ux has t her mal or
epi - t her mal neut r ons, 58 Co i s conver t ed i nt o

59CO vi a t he

58Co( n, - Y) 59Co r eact i on . Thi s i s t he so cal l ed " bur n- up"

of 58 Co . The act i vi t y, A, of 58 Co pr oduced per gr am of

nat ur al ni ckel i s gi ven by t he equat i on :

A= Asat [ l - e' P( - At ot t ) 1>

wher e At nt = AzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� + Ab and Asat = Asst ( A � / At ot ) , An i s t he

nat ur al decay r at e and Ab i s t he r eact or f l ux- dependent

bur n- up decay r at e . Asst i s t he sat ur at i on act i vi t y wi t hout
bur n- up and i s gi ven by :

Asat = nQ( P,

	

( 2)
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wher e n i s t he number of 58 Ni at oms per gr am of nat ur al

ni ckel , o, i s t he 58 Ni ( n, p) 58 Co cr oss sect i on and 0 i s t he

f ast neut r on f l ux .

As can be seen f r om Eq . ( 1) af t er some l ong i r r adi at i on

t i me, t , compar ed t o 1/ A, ot t he cobal t act i vi t y sat ur at es . At

t hi s poi nt t he pr oduct i on of
58CO

i s bal anced by i t s di sap-

pear ance t hr ough nat ur al bet a decay and bur n- up . The

bur n- up pr ocess cont i nues t o pr oduce 59 Co whi ch de-

cr eases t he speci f i c act i vi t y of 58 Co . Thus t he i r r adi at i on

t i me shoul d be opt i mi zed, t ypi cal l y sever al t i mes 1/ A, , , . I t

may al so be possi bl e t o sel ect i vel y r educe bur n- up by

cl addi ng t he ni ckel sampl e i n a t her mal neut r on absor ber ,

e . g . cadmi um or bor on . We have not pur sued cl addi ng

si nce an ear l i er st udy [ 10] suggest ed t hat t her e was l i t t l e

i mpr ovement t o be obt ai ned i n our par t i cul ar r eact or .

I n or der t o det er mi ne t he par amet er s i n Eq . ( 1) and t hus

t he r equi si t e i r r adi at i on t i me, a st udy of
58CO

pr oduct i on i n

t he FNR was conduct ed usi ng t wo separ at e t echni ques .

The f i r st met hod i nvol ves t he i r r adi at i on of a ni ckel wi r e, a

cobal t - al umi num neut r on f l ux wi r e, and an i r on wi r e f or

ei ght hour s i n FNR. An est i mat e of t he t her mal , epi - t her -

mal , and f ast neut r on f l uxes can t hen be f ound f r om:

wher e t he f ast neut r on f l ux can be f ound f r om r eact i on ( 3)

and t he t her mal and epi - t her mal f l uxes can be f ound f r om

r eact i ons ( 4) and ( 5) . Usi ng t hese f l uxes, a pr edi ct i on of

t he sat ur at i on act i vi t y, A, , , , and t he bur n- up r at e, Ab, i n

Eq . ( 1) can be made . At our cur r ent si t e, we cal cul at e

A, al = 47 ± 12 mCi / g and A, ot = 6 . 7 ± 1 . 6 X 10 - 4 h - '

( and t her ef or e, Ab = 2 . 6 ± 1 . 6 X 10 - 4 h - ' ) . The cont r i bu-

t i on t o Ab f r om t he met a- st abl e st at e of cobal t ,
58m

Co

( T11z = 9. 2 h) , was consi der ed and f ound t o be negl i gi bl e

at t he 3% l evel . Thi s met hod can be used t o gi ve an

est i mat e of pr oduct i on r at es i n any si t e af t er an i r r adi at i on

of about 24 hour s . The abi l i t y t o pr edi ct S8 Co pr oduct i on i s

especi al l y usef ul i f t he r eact or cor e has been r e- conf i gur ed

or a new si t e i s used .

I n t he second t echni que f or measur i ng 58 Co pr oduct i on

a ser i es of equal mass ni ckel wi r es ar e i r r adi at ed f or

i ncr easi ng per i ods of t i me . Af t er cool i ng f or sever al days,
t he S8 Co act i vi t y i s measur ed by Ge - y- r ay spect r oscopy
and pl ot t ed as a f unct i on of i r r adi at i on t i me ( Fi g. 1) . The

dat a ar e t hen f i t t ed t o Eq . ( 1) . Wi t h t hi s di r ect t echni que

we det er mi ne A' S . , = 34 ± 5 mCi / g and k, . , = 9 . 1 ± 1 . 1
X 10 - 4 h - 1 ( and t her ef or e, Ab = 5 . 1 ± 1 . 1 X 10 - 4 h - ' ) .

The agr eement bet ween t he r esul t s i s r easonabl e, gi ven t he

uncer t ai nt i es i nvol ved wi t h each t echni que. Wi t h an expo-

nent i al pr oduct i on t i me ( t = 1/ Acoc) of appr oxi mat el y 1100

hour s ( 45 days) we deci ded t o use 60 t o 70 days as an
i r r adi at i on t i me . Wi t h t hi s i r r adi at i on t i me, i t i s necessar y

t o use 60 g of ni ckel i n or der t o pr oduce 1 . 5 Ci of act i vi t y .
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Fi g. 1 . The pr oduct i on cur ve of
58

Co i s f ound by i r r adi at i ng a

ser i es of equal mass ni ckel wi r es i n FNR f or i ncr easi ng per i ods of

t i me and pl ot t i ng t he measur ed 58 Co act i vi t y vs . t he i r r adi at i on

t i me . The i r r adi at i on t i me i s def i ned as r eact or f ul l - power hour s

cor r espondi ng t o about 10 days out of ever y 14 day r eact or cycl e .
The par amet er s At. , = 9. 1 ± 1 . 1 X 10 - 4 h - 1 and Asat = 34±5
mCi / g ar e f ound by f i t t i ng t o Eq . ( 1) . The bur n- up i s f ound t o be
A6 =5 . 1±1 . 1X10 - 4 h - ' .

Af t er t he ni ckel i s i r r adi at ed, i t i s t r ansf er r ed t o t he el ec-

t r odi ssol ut i on appar at us .

2 . 2 . Di ssol ut i on
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Use of ani on exchange chr omat ogr aphy r equi r es t hat

t he ni ckel and cobal t be i n sol ut i on and t hat t he cobal t ,

whi ch i s nat ur al l y cat i oni c, be i n an ani oni c f or m. HCl

aci d may be used t o di ssol ve t he ni ckel as wel l as make

t he cobal t ani oni c by a compl exi ng r eact i on ( e . g . ) :

C0 Z + + 4C1 - - ( COCl 4 ) Z .

	

( 6)

Common HCl di ssol ut i on t echni ques i ncl ude t he use of

r oom t emper at ur e HCl aci d, heat ed HCl aci d [ 10] , and a

heat ed mi xt ur e of HCl and HN0 3 aci ds [ 15] . However , on

l ar ger ( > 30 g) sampl es of sol i d ni ckel t he f i r st met hod

r equi r es t oo much t i me, and t he l at t er met hods, whi l e

f ast er , out gas consi der abl e amount s of cor r osi ve aci d vapor

whi ch i s dest r uct i ve t o a hot cel l envi r onment . The l ast

r r at hod al so l eaves a HNO3 r esi due whi ch damages t he

ani on exchange r esi n . To accommodat e t hese r est r i ct i ons

an al t er nat e t echni que usi ng el ect r odi ssol ut i on was pur -

sued.

El ect r odi ssol ut i on of t he ni ckel i s accompl i shed by
usi ng a gr aphi t e el ect r ol yt i c cel l i mmer sed i n aci d . The

i r r adi at ed ni ckel pl at e i s put i nt o t he cup cat hode of t he

cel l whi ch i s par al l el t o a pl at e anode . The ni ckel and cel l

ar e t hen pl aced i nt o 1800 ml of concent r at ed ( 12 M) HCl

aci d . A cur r ent of a f ew amper es i s r un t hr ough t he cel l .

To pr event a r educt i on i n t he di ssol ut i on r at e due t o Ni Cl z

1 . SOURCES

58Ni ( n
P) 58CO, ( 3 )

58Fe( n
y) 59Fe, ( 4 )

59CO( n Y
) 60CO, ( 5)
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pr eci pi t at i on on t he ni ckel sur f ace, t he aci d i s vi gor ousl y
agi t at ed . Heat gener at ed dur i ng pr ocessi ng wi l l cause some
HCI t o out gas r educi ng t he mol ar i t y of t he aci d bel ow
12M. We f ound t hat at about 6M cobal t began t o deposi t
ont o t he anode of t he cel l . I n or der t o pr event cobal t

deposi t i on, t he aci d bat h i s cool ed ext er nal l y, pr event i ng

t he aci d f r om f al l i ng bel ow 7M. Di ssol ut i on r at es f or t hi s

t echni que ar e 0. 5- 0 . 75 g/ h and t her e i s no appr eci abl e

cobal t deposi t i on on t he anode .

Af t er 3- 4 days t he 60 g ni ckel sampl e i s di ssol ved and

t he r esul t i ng sol ut i on i s pr epar ed f or separ at i on by adj ust -

i ng t he HCI mol ar i t y t o 9M. At t hi s poi nt t he vol ume of

t he 9Msol ut i on i s t ypi cal l y about 2. 5 1 .

2 . 3. Separ at i on

St andar d ani on exchange chr omat ogr aphy i s used t o

ext r act t he cobal t f r om t he ni ckel sol ut i on . Two col umns

of Dowex 1X- 8 r esi n, wi t h vol umes of 147 ml and 19 . 2

ml , ar e used consecut i vel y t o i nsur e a hi gh l evel of pur i t y

of t he el ut ed cobal t . The r esi n wi l l pass i ons and r et ai n

ani ons . Because most met al s compl ex at di f f er ent mol ar i t y

of HCI [ 17] , mat er i al can be sel ect i vel y " st r i pped" f r om

t he col umn by washi ng i t wi t h decr easi ng mol ar i t y of aci d.

The f i r st ( l ar ge) col umn i s pr epar ed by condi t i oni ng i t

wi t h 9MHCI . The ni ckel sol ut i on i s t hen pumped t hr ough

t he col umn wher e t he i oni c ni ckel wi l l pass t hr ough whi l e

t he ani oni c cobal t compl ex wi l l adher e t o t he r esi n . Cobal t

i s i sol at ed f r om ot her i mpur i t i es pr esent at t he same or

hi gher l evel by st r i ppi ng. Fi r st , manganese and magnesi um

ar e r emoved wi t h 6M HCI . The cobal t i s t hen r emoved

wi t h 3M aci d . The col umn i s f i nal l y washed wi t h wat er t o

r emove any r emai ni ng mat er i al . Thi s pr ocedur e i s t hen

r epeat ed wi t h t he second, smal l er , col umn usi ng t he cobal t

wash . Al l of t he sol ut i ons ar e pumped t hr ough t he col umns

at 7 ml / mi n . The cobal t i s r emoved i n 60- 80 ml f r om t he

f i r st col umn and 30- 40 ml f r om t he second col umn .

St ar t i ng wi t h about 3 ppm( by wei ght ) cobal t i n t he 60 g

ni ckel pl at e, t he net ef f i ci ency of t he t wo- col umn ext r ac-

t i on of cobal t i s >_ 95%. When compl et e, t he el ut i on f r om

t he second col umn i s t r ansf er r ed t o t he deposi t i on syst em.

2. 4 . El ect r odeposi t i on
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The f i nal st ep of t he pr ocedur e i s t o el ect r odeposi t t he

separ at ed cobal t i n sol ut i on ont o a cat hode . The deposi t i on

cel l consi st s of a pyr ex t est t ube, a hel i cal pl at i num anode

and a cat hode whi ch i s a 3 mmdi amet er r od. The cat hode

i s pr epar ed by pol i shi ng t he end and coat i ng t he si des wi t h

a commer ci al maski ng pai nt t o r est r i ct deposi t i on t o t he

end . Al t hough t he cat hode coul d be much smal l er ( < 1

mm di amet er ) we chose 3 mm t o f aci l i t at e el ect r odeposi -

t i on and because t hat i s t he di amet er of our pr esent 22 Na

sour ces . Sever al mat er i al s wer e t est ed f or use as a cat hode

and copper was f ound t o pr oduce t he most adher ent pl at es .

Pr evi ousl y, an el ect r ol yt e was combi ned wi t h t he el ut ed

sol ut i on f r om t he col umn i n t he cel l and pl at i ng begun
[ 10] . However , i t was f ound t hat l ow concent r at i ons of
cobal t i n t he sol ut i on yi el ded bl ack, non- adher ent pl at es .
For a 1- 2 Ci sour ce t her e i s appr oxi mat el y 0. 05 mg of
58 Co and 0. 1- 0. 2 mg of i nact i ve cobal t i n t he sol ut i on. To
i ncr ease t he cobal t concent r at i on 0. 5 mg of i nact i ve cobal t
i n sol ut i on i s added t o t he el ut i on of t he second col umn .
The t ot al mass of cobal t , 0 . 7 t o 0 . 8 mg, i s st i l l a f act or of
t hr ee bel ow t he one exponent i al at t enuat i on r ange of 58 Co
posi t r ons . The r esul t i ng sol ut i on i s t hen t aken t o dr yness .
The cobal t i s t hen pi cked up wi t h 0. 5 ml of el ect r ol yt e,
whi ch i s descr i bed i n Ref . [ 15] . The cobal t concent r at i on
of t he sol ut i on i s now appr oxi mat el y 1 . 5 mg/ ml . The
pl at i ng cel l i s r un at 1- 2 Vand cur r ent s of a f ew mA. I n
or der t o pr event t he f or mat i on of bubbl es on t he cat hode
sur f ace, whi ch hi nder s deposi t i on, t he sol ut i on i s agi t at ed
wi t h a magnet i c st i r r er . I t was f ound t hat about 90%of t he

mat er i al pl at es out i n 24 h.

Af t er t he deposi t i on i s compl et e, t he cat hode i s r i nsed

and t hen soaked i n acet one t o r emove t he maski ng pai nt .

The sur f ace of t he cat hode i s wi ped t o r emove any l oose

act i vi t y . The cat hode i s t hen encapsul at ed i nt o a st ai nl ess

st eel hol der whi ch has a 3 mg/ cm2 ni ckel wi ndow di -

r ect l y over t he sour ce deposi t . Thi s i s st r i ct l y a pr ecaut i on-

ar y measur e t o seal t he sour ce and shoul d at t enuat e l ess

t han 15%of t he posi t r ons .

3 . Resul t s

Thi s pr ocedur e has been used t o make many p, Ci and

sever al mCi l evel sour ces . The act i vi t y was cl osel y moni -

t or ed af t er each st ep i n or der t o det er mi ne t he ef f i ci ency of

t he pr ocess . A r epr oduci bl e ef f i ci ency of 85- 95% f or

pr oduci ng t he p. Ci sour ces has been achi eved . The pl at es

wer e consi st ent l y shi ny and adhesi ve . No act i vi t y at t he

1% l evel was l ost when t he sur f ace of t hese sour ces wer e

wi ped . The pr oduct i on of t he mCi l evel sour ces was
conduct ed so as t o mi mi c t he pr oduct i on of a 1- 2 Ci

sour ce i n al l aspect s except t ot al act i vi t y . Thi s was accom-
pl i shed by i r r adi at i ng a 60 g pi ece of ni ckel f or onl y 15 h

and t hen pr ocessi ng as per our pr escr i pt i on . The mCi

sour ces had net ef f i ci enci es st ar t i ng at 50%and i ncr easi ng

t o 60%. The di f f er ence i n ef f i ci enci es bet ween t he p, Ci

and mCi l evel s was mai nl y caused by poor cont r ol of

i mpur i t i es, wi t h most of t he i mpur i t i es i nt r oduced af t er t he

chr omat ogr aphy st ep vi a i mpr oper l y dei oni zed wat er used
i n pr ocessi ng. These ef f i ci enci es wi t h mCi sour ces shoul d

i mpr ove t o t hat of t he pCi sour ces. A 1 . 5 mCi sour ce was

encapsul at ed and t est ed i n a wel l - char act er i zed posi t r on

beam. Usi ng a commer ci al
22 Na sour ce f or cal i br at i on, a

r at e t hr ee t i mes gr eat er t han expect ed was f ound . The
concl usi on i s t hat t he 58 Co sour ce was successf ul l y t hi n

whi l e t he ZZNa sour ce was t hi ck enough t o sel f - absor b 3 of

i t s posi t r ons .
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These t est s, wi t h an i mmedi at e goal of r out i nel y pr o-

duci ng 1- 2 Ci
58

Co sour ces, have become consi st ent at t he

p, Ci l evel , and ar e i mpr ovi ng at t he mCi l evel . Devel op-

ment of an appar at us t hat can dupl i cat e t hi s pr ocedur e i n

t he r emot e oper at ed, shi el ded envi r onment of a hot - cel l i s

under way . Thi s appar at us shoul d be abl e t o r egul ar l y

pr oduce r el i abl e hi gh l evel sour ces . Whi l e a 1- 2 Ci sour ce

i s usef ul f or many appl i cat i ons, some exper i ment s r equi r e

a hi gher l evel of act i vi t y . Al l owi ng f or a maxi mumsour ce

t hi ckness of one exponent i al at t enuat i on r ange f or 58 Co

posi t r ons, we coul d t heor et i cal l y pr oduce a 60 Ci sour ce of

pur e
58

Co on a 3 mm di amet er cat hode . However , gi ven

l i mi t at i ons i n r emovi ng pr ocessi ng i mpur i t i es, bur n- up of
58

Co i nt o 59Co, and r adi at i on saf et y consi der at i ons our

l onger t er m goal i s t o i r r adi at e 10 Ci of
58

Co i n FNR and

deposi t i t on a 5 mm di amet er act i ve ar ea usi ng t hi s

t echni que .
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